The three-dimensional reconstruction of the bovine kidney pyruvate dehydrogenase complex (M r Ϸ 7.8 ؋ 10 6 ) comprising about 22 molecules of pyruvate dehydrogenase (E 1) and about 6 molecules of dihydrolipoamide dehydrogenase (E 3) with its binding protein associated with the 60-subunit dihydrolipoamide acetyltransferase (E2) core provides considerable insight into the structural and functional organization of the largest multienzyme complex known. The structure shows that potentially 60 centers for acetylCoA synthesis are organized in sets of three at each of the 20 vertices of the pentagonal dodecahedral core. These centers consist of three E 1 molecules bound to one E2 trimer adjacent to an E3 molecule in each of 12 pentagonal openings. The E1 components are anchored to the E 1-binding domain of the E2 subunits through an Ϸ50-Å-long linker. Three of these linkers emanate from the outside edges of the triangular base of the E 2 trimer and form a cage around its base that may shelter the lipoyl domains and the E 1 and E2 active sites. The docking of the atomic structures of E1 and the E 1 binding and lipoyl domains of E2 in the electron microscopy map gives a good fit and indicates that the E 1 active site is Ϸ95 Å above the base of the trimer. We propose that the lipoyl domains and its tether (swinging arm) rotate about the E 1-binding domain of E 2, which is centrally located 45-50 Å from the E1, E2, and E3 active sites, and that the highly flexible breathing core augments the transfer of intermediates between active sites. T he pyruvate dehydrogenase complex (PDC) serves as the link between glycolysis and the tricarboxylic acid cycle and generally has prominence in the description of these metabolic pathways because they serve as a major source of cellular energy. A central feature of PDCs is a 24-mer (Escherichia coli) or 60-mer (eukaryotes and some Gram-positive bacteria) core with the morphologies of a cube or pentagonal dodecahedron, respectively (1-4). The structures with the latter morphology comprise the largest (M r Ϸ 10 7 ) multienzyme complexes known. Even more remarkable than their exceptional size and morphology, these complexes encompass some of the most unusual features found in structural biology as described below.
T
he pyruvate dehydrogenase complex (PDC) serves as the link between glycolysis and the tricarboxylic acid cycle and generally has prominence in the description of these metabolic pathways because they serve as a major source of cellular energy. A central feature of PDCs is a 24-mer (Escherichia coli) or 60-mer (eukaryotes and some Gram-positive bacteria) core with the morphologies of a cube or pentagonal dodecahedron, respectively (1) (2) (3) (4) . The structures with the latter morphology comprise the largest (M r Ϸ 10 7 ) multienzyme complexes known. Even more remarkable than their exceptional size and morphology, these complexes encompass some of the most unusual features found in structural biology as described below.
The E 2 core comprises the dihydrolipoamide acetyltransferase activity and is the only oligomeric enzyme complex known to be organized with the shape of a pentagonal dodecahedron. Moreover, the 250-Å-diameter dodecahedron has a very unusual feature: the tightly bound trimers at each of its 20 vertices seem to be interconnected by 30 flexible bridges enabling the core to ''breathe,'' as evidenced by an extraordinary size variability of 40 Å (17%) at room temperature. The breathing core apparently is a common feature in the phylogeny of the PDCs, suggesting that protein dynamics is an integral component of the function of these multienzyme complexes (5) . Moreover, dodecahedral morphology of the core favors a synchronous or harmonious change in the length of the bridges that is related to the size variation and the function of the complex (5) .
The E 2 subunits are multidomain structures consisting of one, two, or three amino-terminal lipoyl domains, followed by a pyruvate dehydrogenase (E 1 ) and͞or dihydrolipoamide dehydrogenase (E 3 ) binding domain, and then by catalytic and self-association domains (1-4; see Fig. 2C ). Thus, the unique dodecahedral E 2 core also serves as a scaffold about which the other components are organized. The yeast and mammalian PDCs require a binding protein (BP) to anchor E 3 to the core, although in E. coli and Bacillus stearothermophilus PDCs, BP is not required.
The deposition of the BP⅐E 3 is another unusual structural feature of the organization of the eukaryotic PDCs. We determined that the 60-subunit scaffold (inner core) of Saccharomyces cerevisiae PDC binds only 12 BP⅐E 3 (6) , and our structural studies revealed a paradigm for this mode of binding (7) . A BP⅐E 3 component is bound inside each of the 12 pentagonal openings of the scaffold so that the stoichiometry and arrangement of this component is determined by the geometric constraints of the underlying scaffold and not by the number of potential binding sites. Even though the E 2 subunits are arranged with icosahedral symmetry, as a consequence of this mode of binding, the BP⅐E 3 components are not (7) .
Biochemical and structural studies have shown that the lipoyl and E 1 -binding domains comprising the N-terminal region of E 2 are attached to the C-terminal catalytic and self-association domains by flexible linkers (1) (2) (3) (4) 8) . Consequently, the threedimensional (3D) reconstructions of S. cerevisiae E 2 and truncated E 2 (tE 2 ) (lacking the lipoyl and E 1 -binding domains) have very similar structures (5). Thus, residues 1 to Ϸ220 comprise the flexible part of the E 2 subunit and, consequently, are not seen in the reconstruction, whereas residues Ϸ221-454 form the icosahedrally ordered scaffold. Because E 1 is attached to the flexible N-terminal region of the E 2 subunits, this component has been predicted to be poorly organized about the core, as depicted in a model for the B. stearothermophilus PDC (9) . However, the present 3D structural study of bovine kidney PDC shows that the E 1 components are remarkably well organized with icosahedral symmetry about the E 2 scaffold.
Even though atomic resolution structures of most of the components of the PDC have been determined, our knowledge of their organization in this macromolecular complex is incomplete. This study, together with structural studies of the S. cerevisiae PDC and its subcomplexes, explains how the E 1 components are arranged and provides a structural foundation for the functional organization of this most remarkably arranged multienzyme complex.
Experimental Procedures
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of E 1 and BP⅐E 3 components bound to the E 2 scaffold may affect their deposition and spatial stability (see below) we characterized the bovine kidney PDC preparation used in this EM study with regard to these components. Its weight-average molecular weight was determined by light-scattering measurements to be about 7.8 ϫ 10 6 . On the basis of the known molecular weight of the complex and its component enzymes and the experimentally determined polypeptide chain ratios of E 2 :BP:E 3 (6), we estimated that the subunit composition of the bovine kidney PDC is about 22 E 1 tetramers, 60 E 2 monomers, 12 BP monomers, and 6 E 3 dimers.
Cryo-Electron Microscopy. A 3-l sample of the preparation (0.35 mg͞ml containing 20 g͞ml of bacitracin) was deposited, blotted, and quick-frozen in liquid ethane on a glow-discharged carbon-coated holey grid. The vitrified samples were recorded at Ϸ1 m under focus at Ϸ10 e͞Å 2 dose for image processing. A second exposure of Ϸ2-3 m under focus was recorded for display (see Fig. 1 ) and as an aid in analyzing the images. The images were recorded on Kodak SO 163 film at a nominal magnification (ϫ50,000) in a JEOL JEM 1200 electron microscope operated at 100 kV.
Data Processing. Micrographs were digitized with a Zeiss SCAI microdensitometer (Z͞I Imaging, Huntsville, AL), using a step size of 2.8 Å per pixel at the specimen scale, and subsequently averaged to 5.6 Å per pixel for further processing. Data processing of the focal pair micrographs of PDC was performed on SGI Octane dual processor workstations with modular programs of the IMIRS program package (Y. Liang, E. Ke, and Z.H.Z., unpublished data; refs. 11 and 12). The defocus values of all micrographs were determined from the incoherently averaged Fourier transforms of particle images in each micrograph (13) .
We used the focal pair method of orientation determination, refinement, and 3D reconstruction (14, 15) except that an additional step of particle-size evaluation was performed in the current reconstruction as described (5) . The effective resolutions of the 3D maps were assessed by calculating the Fourier shell cross-correlation coefficients between two independent reconstructions. To evaluate the resolution differences between the core and E 1 outer shell, the density spheres corresponding to the core and the E 1 shell were extracted before the Fourier shell correlation calculation. Although the resolution of the core extended beyond 20 Å, the resolution of E 1 outer shell was limited to about 35 Å. Therefore, the final reconstruction was calculated by merging 162 particle images with defocus values between 1 and 3 m and data up to 30-Å resolution. The contrast transfer function of the microscope was corrected by using an amplitude contrast of 14% and an envelope-decaying factor of 1000 Å 2 as described (16) .
3D Visualization and Fitting of Atomic Structures.
The 3D visualization was performed by using the IRIS EXPLORER (NAG, Downers Grove, IL) with custom designed modules (17) . The maps were displayed at the same threshold by using a contour level such that the volume of the E 1 tetramer matches the calculated volume based on the molecular mass, which corresponds to about 0.5 (standard deviation) above the mean density of the map.
The atomic coordinates of the crystal structures of the dodecahedral core of B. stearothermophilus tE 2 (21) or WEBLAB VIEWERPRO (Accelryes, San Diego, CA), or directly converted to an electron density map by using a Gaussian filter to a resolution similar to the EM structures (30 Å).
Results
Cryo-Electron Microscopy. The 22 E 1 tetramers bound to E 2 completely obscure the underlying scaffold and increase the apparent diameter of the molecule from Ϸ250 to Ϸ500 Å (Fig.  1 ). The images of tE 2 (residues 221-454) and E 2 of S. cerevisiae core are displayed for comparison ( Fig. 1 B and C) . They clearly show the characteristic views of the pentagonal dodecahedronshaped core to which the E 1 components are bound. The similarity between the tE 2 and E 2 images show that the Nterminal half of the subunit is extended and presumably flexible (5) and, consequently, is not seen in the images of the molecules. Similar cryo-electron microscopy (cryoEM) images were reported for the bovine kidney and heart PDCs and the E 2 ⅐BP core (22) . In both of these studies the E 1 components seem equally distributed about the central core because no apparent discontinuity exists in the E 1 distribution around the periphery of the images.
3D Reconstruction. Considerable effort was made to reveal the connections (linkers) that bind E 1 molecules to the E 2 core because this structure would be expected to provide information that is fundamental to the appropriate docking of the E 1 x-ray structure in the EM envelope (see below; Fig. 2 ). Initially, all our reconstructions of the S. cerevisiae and the bovine kidney PDCs displayed a shell of protein density surrounding the underlying core without revealing the associated linkers. The utilization of size-variation analysis to classify the images according to size (5) and the utilization of closer-to-focus images was an essential step in our effort to align the images with enough precision to reveal the connections (see Experimental Procedures). The inner linker between the E 2 core and the E 1 -binding domain consists of Ϸ40 and S. cerevisiae tE 2 (residues 221-454; B) and E2 (C). The E1 molecules appear equally distributed about the scaffold, and their association with its outside increases the diameter from Ϸ250 to Ϸ500 Å. The similarity between the tE 2 and E2 images indicates that N-terminal domains (residues 1 to Ϸ220) are flexible.
aa residues (23) (24) (25) . NMR studies of the inner linker of E. coli E 2 indicate that it may be more constrained than the linker that joins the lipoyl domain to the E 1 -binding domain (outer linker; ref. 8; Fig. 2C ). Because the inner linker is Ϸ50 Å in length (Fig.  2B ) and a fully extended polypeptide chain of 40 residues is Ϸ140 Å (Ϸ3.5 Å per residue), we predict this linker has significant secondary structure, which may be related to its purported stiffness (8) . A portion of the inner linkers closest to the E 2 trimer base are apparent in the 3D reconstruction of the human E 2 core and are in the same position as seen in Fig. 3A , supporting the view that the inner linker is partially ordered (X. Yu, T. Roche, J.K.S., and Z.H.Z., unpublished data). In any event, it is apparent from this structure (Fig. 2B ) that the display of the inner linker is related to the bound E 1 , because recon- . 3 . Shaded-surface representations of 3-fold view of E2 core. (A) E1 was removed from PDC to reveal the underlying E2 core (green) and its inner linkers (light blue). An E 2 trimer is outlined by the yellow square, and the 5-, 3-, and 2-fold axes are indicated. The linkers change the shape of the trimer base so that it appears that they are connected to its corners. (B) Superposition of the cut-away cryoEM PDC structure and the x-ray structure of B. stearothermophilus tE 2. The atomic model of the tE2 dodecahedral core was directly superimposed on the core of the cryoEM structure by aligning the icosahedral 5-, 3-, and 2-fold axes with those of the cryoEM structure. For clarity, only one of the 20 tE 2 trimers of the atomic model is shown. The dark and light blue and green x-ray ribbon structure represent the three identical subunits that comprise the tE 2 core. The three N-terminal linkers are directly opposite the N-terminal helix (H1) near the middle of the outside edge of the trimer base as indicated, and the N-terminal loop is directed toward the 3-fold axis. The bridge interconnects adjacent trimers to form the dodecahedral core.
structions of yeast (5) and human (X. Yu, T. Roche, J.K.S., and Z.H.Z., unpublished data) E 2 do not reveal the extended linker seen in this structure.
Structural Organization of PDC. The threshold (contour level of 0.5 , or standard deviation above the mean) of the reconstruction was set so that the EM envelope of E 1 accommodates the x-ray structure of 2-oxoisovalerate dehydrogenase from P. putida (9) . At this threshold the averaged protein density of E 1 is approximately one-third that of E 2 , which agrees with the estimation of the E 1 content from physicochemical measurements (22E 1 ͞ 60E 2 ) with this PDC preparation.
The appearance of the E 1 linker in the structure and the Ϸ35-Å resolution corresponding to the E 1 shell shows that the flexibility of the E 1 and its linker is largely constrained. In contrast, the proposal that the E 1 component is not constrained by its string-like tether (9) would result in a random deposition of E 1 , so that the outer shell of protein would be featureless, if seen at all, in the 3D reconstruction with icosahedral symmetry imposed, and the Fourier shell correlation coefficient between independent reconstructions would show no significant correlation.
In this regard, it seems paradoxical that the E 1 components are highly constrained when attached to a largely flexible tether. We propose that the E 1 molecules exhibit weak but significant interaction with each other and, consequently, they are grouped together in small clusters above the underlying E 2 trimers. This interaction may impart positional stability to the organization of the E 1 molecules. The proposed interaction between the E 1 molecules would be favored at the high local concentration (about 100 mg͞ml) in the putative arrangement of the E 1 molecules resulting from their attachment to the inner linkers of E 2 core. In this regard, note the significant connections between adjacent E 1 molecules on the 2-fold and 5-fold axes of the structure (Fig. 2 A) , which may be related to possible interactions between adjacent E 1 molecules. In addition, a triangular feature seems to connect three E 1 molecules Ϸ70 Å above the E 2 trimer on the 3-fold axis. We believe that this component is not part of the E 1 protein (see Fig. 4 ) but may be representative of the 40 unbound N-terminal linkers of E 2 . Consequently, we are assessing the effect of the number of E 1 and BP⅐E 3 molecules bound to the E 2 core on their deposition in the PDC structure by in vitro assembling recombinantly expressed protein components (7).
The Deposition of the Inner Linkers of E2. The 3-fold view of the bovine kidney PDC showing the complex from which the outer E 1 molecules have been removed gives the appearance that the linkers originate from the corners of the triangular-based E 2 trimers (Fig. 3A) . However, the ribbon presentation of the x-ray structure of B. stearothermophilus tE 2 core superimposed in the cryoEM density map of bovine kidney PDC shows that the three linkers are located on the outside edge near the middle of the side of equilateral triangle-shaped base of the tE 2 trimer directly opposite the N-terminal helix H1 (ref. 18 ; Fig. 3B ). In the x-ray structure the N-terminal extension from the ␣-helix, which presumably represents the C-terminal end of the linker, lies across the base of the tE 2 subunit and ends near the 3-fold axis of the trimer. In contrast, the corresponding extension of the N-terminal helix of E. coli truncated dihydrolipoamide succinyltransferase is also located near the outside edge of its triangleshaped base and is directed outward from the base of the trimer The three E1 tetramers, E2 trimer, and its linkers form a cage that encloses the E1 and E2 active sites. (C) Top view of wire-frame representation of the structure in A in which the atomic structures of P. putida E 1 (light blue) and the B. stereothermophilus lipoyl domains (orange, denoted by arrows in D) and the putative E 1-binding domain (bold red) are docked in the EM envelope of bovine E 2. The E1 tetramer was docked in the cryoEM envelope so that the E 1-binding domain of E2 and its inner linker is close to the 2-fold axis of E 1 where the C-terminal domains of the ␤ subunits meet (9) . We propose that the 60 potential centers for acetyl-CoA synthesis are organized in sets of three comprising three E 2 subunits and three E1 tetramers. (D) Side view of C in which the B. stearothermophilus tE 2 x-ray structure is superimposed as described in Fig. 3 . The docked ribbon structure of P. putida E 1 (light blue) shows the spatial relationship of its crystallographic 2-fold axis to the 3-fold axis of B. stearothermophilus tE 2. The E1 active sites are about 95 Å above the E 2 catalytic site on the trimer base.
as shown in the cryoEM map (Fig. 3) . It was proposed that the differences in these two regions might result from crystalpacking forces (ref. 26 ; see the perspective in ref. 27 ). In any event, the EM envelope shows that the N-terminal linker departs from the outer edge of the trimer base and is directed toward the E 1 complex on the outside of the core (Fig. 3) .
Spatial Relationships of E1 Tetramer to the E2 Core. The cut-away structure of the three pyruvate dehydrogenase tetramers (␣ 2 ␤ 2, M r Ϸ 154,000) bound to an E 2 inner core trimer (M r Ϸ 81,000) shows that these trimers anchor in close proximity three E 1 molecules, which are about six times the size of the underlying trimer (Fig. 4 A and B) . The size comparison is based on the knowledge that the C-terminal half of the E 2 subunits consisting of residues Ϸ221-454 (M r Ϸ 27,000) self-associate to form the tE 2 trimer (23-25) , whereas the N-terminal half of the E 2 comprises the extension with its E 1 -binding and two lipoyl domains (1-4; Fig. 2C) . The x-ray structures of the tE 2 trimers of the E. coli succinyltransferase (26) , and Azotobacter vinelandii (28) , B. stearothermophilus, and Enterococcus faecalis acetyltransferases (18) exhibit very extensive interactions between the adjacent subunits that comprise the trimer. These interactions may have an important role in holding together the much larger E 1 molecules, which may be exposed to considerable forces resulting from the fluctuations of the solvent on the outside of the core (Fig. 4 A and B) .
Discussion
Putative Arrangement of E1, the Lipoyl, and E1-Binding Domains of E2.
The ribbon diagram of the x-ray structure of 2-oxoisovalerate dehydrogenase (E 1 ) from P. putida (blue) fits nicely in the EM envelope of the bovine kidney E 1 (Fig. 4 C and D) . The envelope also accommodates two adjacent copies of the 80-residue lipoyl domain (orange) of B. stearothermophilus E 2 (ref. 19 ; L 1 and L 2 ) so that the lysine residue to which the lipoyl moiety is attached is in the funnel-shaped opening leading to the channel of the E 1 active site. The occupancy of both E 1 active sites by the lipoyl domains and their lipoyl moieties may be favored by the high local concentration of six of these constituents in the vicinity of the two E 1 active sites. As proposed previously, the cap over the 3-fold axis of the complex may be representative of either the unbound L 1 or L 2 domains. The two active sites reside Ϸ95 Å above the E 2 triangular base below. The base of the E 2 envelope also accommodates the 35-residue E 1 -binding domain represented by the E 3 -binding domain of the E. coli E 2 (bold red), which resides Ϸ50Å above the E 2 base. Even though the components generally fit well into the EM envelope of our low-resolution structure, these results obviously do not permit the location of the functional components at the atomic level. The exact orientation of the lipoyl and E 1 -binding domains are unknown because structures of these components bound to E 1 have not been determined. Moreover, a small portion of one of the ␤-subunits is seen outside the envelope (Fig. 4 C and D) , which may be related to small orientation variability of the E 1 molecules on the outside of the E 2 core. Nevertheless, the EM map provides considerable insight into the structural and functional organization of the complex.
Structure-Function Relationships. Recall that the central core of the eukaryotic PDCs consists of 60 E 2 subunits arranged in sets of three at the 20 vertices of a pentagonal dodecahedron. The trimers are cone-shaped with an outward-directed triangular base and are interconnected by 30 bridges (7). We propose that the E 2 trimer building block with its three linked E 1 tetramers and the adjacent E 3 molecule in the pentagonal opening comprise the functional unit of the PDC (Fig. 5) .
Protein-engineering studies of the lipoyl domains in which the lipoyl-lysine residue is replaced with a glutamine residue showed that each of the three lipoyl domains of the E. coli E 2 participates in catalysis, and that the activity of the PDC is independent of the position of the mutation in the L 1 -L 3 sequence (8) . It was also determined that the lipoyl domain greatly enhances the ability of lipoyl moiety to act as a substrate in the reductive acylation reaction at the active site of E 1 . The low K m value of 26 M for the free lipoyl domain indicates that it has appreciable affinity for residues near the active site of E 1 (8) . Studies of mutations in the lipoyl domains revealed a specificity loop in which several residues in the lipoyl domain confer specificity on the reductive acylation reaction (29) (30) (31) . We have docked the lipoyl domains so that this specificity loop faces the E 1 complex near its active site (Fig. 4 C and D) .
Our EM map indicates that two lipoyl domains may occupy the two active sites of E 1 (Fig. 4 C and D) . The structure does not permit a determination whether both sites are occupied simultaneously by L 1 and L 2 or if one lipoyl domain is equally distributed between the two sites. It is also possible that a lipoyl domain from the E 2 tether to which the E 1 component is not bound may occupy the active site of E 1 . In this regard, there are on average one inner linker occupied by the E 1 component and two that are not because in our PDC preparation, E 1 ͞E 2 is about 1:3. As proposed above, the proximity of the lipoyl domains associated with the outer linkers lacking the E 2 component to those in which E 1 is bound may give rise to the cap over the 3-fold axis of the PDC.
A Model for the Dynamics of the Multifunctional PDC. The view of an E 1 complex with its two active sites occupied by the lipoyl Fig. 5 . Cut-away model of the fully assembled PDC viewed on its 3-fold axis. The E 3 homodimer (red) of A. vinelandii x-ray structure (32) filtered to 20Å resolution was docked into the pentagonal opening of the core (green) according to studies of the S. cerevisiae PDC (7). The BP⅐E 3 components associated with the core are not revealed in the shaded-surface representation of the bovine kidney PDC at this threshold because only about 6 molecules of E 3 are bound. A radial density plot analysis of the complex shows a peak of density inside the core which corresponds to the position of BP⅐E 3 peak in S. cerevisiae tE 2 (ref. 7; data not shown). The inner linkers (light blue) bind E1 (yellow) to the E2 scaffold (green). The E1-binding site on the E2 inner linker is located Ϸ50 Å above the scaffold as indicated by '' * '' and serves as the anchor for the lipoyl domains to pivot. The structure shows that the swinging arm pivots about a position that is Ϸ50 Å from the E 1, E2, and E3 active sites.
domains (orange) shows that the active site to the left of the 2-fold axis of E 1 faces into the cage, whereas the other is directed toward the outside of the structure (Fig. 4 C and D) . It is possible that the orientation of the pivot permits equal access to both E 1 active sites by the lipoyl domains. Another possibility is that the pivot is arranged in such a manner that the L 2 and L 1 domains bind in tandem to the inner and outer active sites, respectively. We favor the latter hypothesis, because the bulge in the envelope on the 2-fold axis may be related to density representing the tether connecting L 1 and L 2 (Fig. 4D) . Moreover, if the cage provided by the inner linkers has a beneficial role in excluding large molecules in the cellular milieu that may interfere with the transfer of the acetyl moiety, the E 1 active site facing the 3-fold axis of the E 2 trimer (Fig. 4D) can best benefit from this arrangement.
The E 1 -binding domain (Fig. 4D ) serves as a pivot or anchoring point for a ''swinging arm'' comprising the outer linker and the two lipoyl domains (Fig. 2C) . This anchor is centrally located Ϸ50Å from the E 1 , E 2 , and E 3 active sites. NMR studies show that the outer linker is highly flexible and its Ϸ60 residues can readily accommodate the distances required for the lipoyl domain to access the E 1, E 2 , and E 3 active sites (8) . We propose that the swinging arm with its two N-terminal lipoyl domains begins the sequence of reactions at the E 1 active site about 95 Å above the base formed by the three E 2 subunits. After the reductive acylation reaction the arm swings to the E 2 active site(s) on the trimer base below. Whether the three E 2 acetyltransferase sites associated with the trimer base are equally accessible to the acetylated dihydrolipoyl moiety is unknown. The three linkers that surround the base of the E 2 trimer form a cage that is covered by the accompanying E 1 molecules (Fig. 4 A and B) . As proposed previously, this cage-like structure serves as a shelter that is important in ensuring the successful transfer of the acetylated dihydrolipoyl moiety to the acetyltransferase site. On completing the acetyltransfer reaction, the lipoyl domain, with its reduced lipoyl moiety, swings over the E 3 bone-shaped dimer in the pentagonal channel, formed by five E 2 subunits, for the oxidation reaction near its outer end ( ref. 7; Fig. 5 ). The pivot (E 1 -binding domain) is Ϸ50 Å from the E 3 active site. In this scenario, the E 3 active site serves lipoyl domains associated with five swinging arms surrounding the pentagonal opening. Because five equivalent positions for E 3 exist in the channel, E 3 rocks between them to promote access of the lipoyl moiety to the E 3 active site. The large pentagonal channel can accommodate readily the movement of the outer end of the E 3 molecule so that it can participate in the oxidation of dihydrolipoyl moieties associated with the five adjacent E 2 subunits. The protein dynamics of the breathing core (5) may promote this movement and also augment the Ϸ95 Å transfer of lipoyl domains between the E 1 and E 2 active sites.
